1. Background {#sec173614}
=============

*Pseudomonas aeruginosa* is an important cause of infection, especially in patients with compromised host defense mechanisms ([@A32795R1]). It is the most common pathogen isolated from patients who have been hospitalized longer than 1 week, and it is a frequent cause of nosocomial infections ([@A32795R2]-[@A32795R4]). *Pseudomonas aeruginosa*infections, like those caused by many other hospital bacteria, are becoming more difficult to treat because of increased numbers of antibiotic-resistant strains ([@A32795R2]). The emergence of pan-drug resistant (PDR) strains (i.e., strains of a pathogen that are untreatable with current antibiotics) has renewed efforts to identify and develop antibacterial agents that are active against them.

Bacteriocins and bacteriocin-like inhibitory substances (BLISs), which are produced by a wide range of bacteria, may be an alternative to antibiotic treatment ([@A32795R5], [@A32795R6]). Bacteriocins and BLISs are bacterial inhibitors, with bactericidal activity that is usually directed against species that are usually closely linked to the producer microorganisms ([@A32795R2], [@A32795R7]). These peptides are structurally and functionally diverse groups within the antimicrobial agents were considered as alternatives for antibiotics in resistant bacteria. Bacteriocins (named pyocins) produced by *Pseudomonas* spp. have been extensively studied ([@A32795R8]-[@A32795R12]), but the isolation of a bacteriocin with broad-spectrum activity against multidrug-resistant (MDR) *Pseudomonas* has been rarely reported ([@A32795R13]).

In 2011, the European centre for disease prevention and control (ECDC) and the centers for disease control and prevention (CDC) defined acquired resistance profiles of *P. aeruginosa*strains as MDR, extensively drug resistant (XDR), and PDR ([@A32795R14]). These strains, which are resistant to antibiotic agents, cause serious diseases and are an important public health problem. Controlling these bacteria using new strategies and discovering new antimicrobial agents, such as bacteriocin and BLISs, has been considered by some researchers ([@A32795R15]).

2. Objectives {#sec173615}
=============

The aims of this study were to determine the acquired resistance profiles of *P. aeruginosa*strains based on the new definitions of the ECDC and CDC and to identify bacteriocins with antimicrobial activity against these resistant bacteria, especially PDR isolates, for which no antibiotics exist.

3. Patients and Methods {#sec173623}
=======================

3.1. Sample Collection and Identification of Collected Isolates {#sec173616}
---------------------------------------------------------------

Samples were collected from clinical specimens submitted for bacterial culture at the microbiology laboratory of Al-Zahra hospital in Isfahan, Iran from March 2013 to March 2014. The specimens included respiratory samples (tracheal aspiration, bronchoalveolar lavage, and bronchial), blood, urine, peritoneal fluid, plural fluid, CSF, and wound discharge They were cultured on blood agar and EMB media (HiMedia Company, India) and incubated at 35°C for 18 - 24 hours. Pure isolates were identified using gram staining and biochemical tests ([@A32795R16]).

3.2. Determination of the Antimicrobial Resistance Profiles of the P. aeruginosa Isolates {#sec173617}
-----------------------------------------------------------------------------------------

The antimicrobial resistance profiles of the *P. aeruginosa*isolates were based on the CDC and ECDC definitions of MDR, XDR, and PDR ([@A32795R14]). An MDR isolate was defined as one that was not susceptible to at least one agent in three or more antimicrobial categories. An XDR isolate was defined as being nonsusceptible to at least one agent in all but two or fewer antimicrobial categories (i.e., bacterial isolates remained susceptible to only one or two categories). Nonsusceptibility to all agents in all antimicrobial categories (i.e., no agents tested as susceptible) was defined as PDR. The antimicrobial categories and agents used were as described by Magiorakos et al. ([@A32795R14]) and according to the clinical laboratory standard institute (CLSI 2014) recommendation ([@A32795R17]) ([Table 1](#tbl44085){ref-type="table"}). Kirby-Bauer's disc diffusion method on Mueller-Hinton agar was used for determination of the antibiotic sensitivity pattern. All antimicrobial disks were obtained from the MAST Company, U.K. As recommended by the CLSI ([@A32795R17]), *P. aeruginosa*ATCC 278531, *Staphylococcus aureus* ATCC 25923, and *Escherichia coli* ATCC 25922 were used for disc quality control. The plates were incubated at 35°C for 18 hours. The diameter of the zone of inhibition was measured, and the degree of susceptibility of the test isolate to each antibiotic was interpreted as sensitive (S), intermediate resistant (I), or resistant (R). The data were analyzed using WHONET 5.6 software.

###### Antimicrobials and Agents Used to Define PDR, XDR, and MDR in *Pseudomonas aeruginosa* Strains ([@A32795R5])

  Antimicrobials                                           Antimicrobial Agent                Amount, µg
  -------------------------------------------------------- ---------------------------------- ------------
  **Aminoglycosides**                                                                         
                                                           GEN: Gentamicin                    10
                                                           AMK: Amikacin                      30
                                                           NET: Netilmicin                    30
                                                           TOB: Tobramycin                    10
  **Antipseudomonal carbapenems**                                                             
                                                           IPM: Imipenem                      10
                                                           MEM: Meropenem                     10
                                                           DOR: Doripenem                     10
  **Antipseudomonal cephalosporins**                       CAZ: Ceftazidime                   30
                                                           FEP: Cefepime                      30
  **Antipseudomonal fluoroquinolones**                                                        
                                                           CIP: Ciprofloxacin                 5
                                                           LVX: Levofloxacin                  5
  **Antipseudomonal penicillin+ ß-lactamase inhibitors**                                      
                                                           TCC: Ticarcillin-clavulanic acid   75.10
                                                           TZP: Piperacillin-tazobactam       100.10
  **Monobactams**                                          ATM: Aztreonam                     30
  **Phosphonic acids**                                     FOS: Fosfomycin                    200
  **Polymyxins**                                                                              
                                                           COL: Colistin                      10
                                                           POL: Polymyxin B                   300 units

3.3. Screening of Antimicrobial Agent Production by the Isolates {#sec173618}
----------------------------------------------------------------

A qualitative bioassay was performed using the spot-on-lawn method for antimicrobial potency production, as follows: The medium consisted of trypticase soy broth, supplemented with 0.6% yeast extract, without glucose and 1.5 % agar. The medium was spotted with 2 µL of the isolated strains and incubated at 30°C for 24 hours. The incubated agar plates were overlaid with a soft-agar medium seeded with 107/mL of the different *P. aeruginosa*strains isolated in this study and *P. aeruginosa*ATCC 278531, which was used as a standard strain that were tested to determine the *P. aeruginosa*antimicrobial spectrum as indicator. After overnight incubation, the overlaid plates were evaluated for inhibition area observation. A clear inhibition area of ≥ 3 mm in diameter was reported as positive, according to Tahiri et al. ([@A32795R18]). Screening of the antimicrobial effect of cell-free supernatant was performed according to the method described by Tahiri et al. ([@A32795R18]). The antimicrobial production of agents by hospital-isolated pathogens other than *P. aeruginosa*was also tested. The pathogens tested were *Klebsiella* spp. (25 strains), *Acinetobacter* spp., (62 strains) *E. coli* (38 strains), *S. aureus* (32 strains), *Enterococcus* spp. (41 strains), and *Listeria monocytogens* (3 strains).

3.4. Identification of a BLIS-Producing Isolate {#sec173619}
-----------------------------------------------

The best BLIS-producing isolate was identified initially based on its morphological, culture, and biochemical characteristics, using standard methods ([@A32795R16]). The identity of the isolate was then confirmed using a 16SrRNA PCR assay of DNA extracts, with universal primers: Universal 1 (U1): ACG CGT CGA CAG AGT TTG ATC CTG GCT and Universal 2 (U2): CGC GGA TCC GCT ACC TTG TTA CGA CTT (Cinna Gene Company, Iran).

3.5. Assay of Growth Kinetics and BLIS Biosynthesis {#sec173620}
---------------------------------------------------

The maximum BLIS production time was calculated using bacterial growth curves, according to the method described by Tahiri et al. ([@A32795R18]). Using this method, the BLIS activity is expressed in arbitrary units per milliliter (AU/mL), and it detects the highest BLIS dilution that results in complete inhibition of the indicator strain.

3.6. Effects of UV Light, pH, Heat, and Degenerative Enzymes on the Activity of BLIS {#sec173621}
------------------------------------------------------------------------------------

The effects of UV light, pH, heat, and degenerative enzymes on the BLIS activity of the best BLIS producer isolate were assayed. The BLIS antimicrobial activity of the indicator strain after the aforementioned treatments was assayed using the qualitative spot-on-lawn bioassay, as described above. The stability of BLIS in response to heat, pH, and various degenerative enzymes containing proteinase K (pH 7.0), trypsin (pH 7.0), and pepsin (pH 3.0) was investigated using a previously described method ([@A32795R18]). To determine the effect of UV light on the activity of BLIS, 10 mL of filter-sterilized cell-free supernatant were placed in a sterile petri dish and exposed to UV irradiation at a distance of 25 cm for 5, 10, 15, 20, 25, and 30 minutes. The activity of BLIS was then analyzed by the critical-dilution micromethod.

3.7. Partial Purification and Estimation of the Molecular Weight of BLIS by Sodium Dodecyl sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE) {#sec173622}
------------------------------------------------------------------------------------------------------------------------------------------------

The selected BLIS producer was cultivated in trypticase soy broth, supplemented with 0.6% yeast extract for 24 hours at 30°C. An antimicrobial potency production assay was performed using the spot-on-lawn method against *P. aeruginosa*ATCC 278531, as mentioned above. The sample was centrifuged at 16000 g for 10 min at 4°C and filter sterilized. BLIS was partially purified by subjecting the supernatant fluid (pH = 6.5) to ammonium sulfate precipitation at final concentrations of 80% w/v, as per the method described by Mirhosseini et al. ([@A32795R19]). To estimate the molecular weight of BLIS, SDS-PAGE was used, as described previously ([@A32795R19]).

4. Results {#sec173624}
==========

During a 12-month period, 96 *P. aeruginosa*isolates were obtained from different clinical samples. [Table 2](#tbl44086){ref-type="table"} summarizes some of the characteristics of the *P. aeruginosa*isolates. The results of the analysis of these 96 strains using WHONET 5.6 software showed that 2 (2.1%), 94 (97.9%), and 63 (65.6%) isolates were non-MDR, MDR, and XDR, respectively, and 1 (1.1%) isolate was PDR. Effective antibiotics against these isolates were colistin, polymyxin B, and fosfomycin, with only 1%, 1%, and 5.2% of isolates showing resistance, respectively, and high percentages of resistance were observed among the other antibiotics ([Figure 1](#fig32374){ref-type="fig"}).

###### Characteristics of the 96 *Pseudomonas aeruginosa* Strains Isolated Over a 12-Month Period (N = 96)

  Parameters          Results
  ------------------- ---------
  **Sex**             
  Male                63
  Female              33
  **Specimen type**   
  Res                 37
  Bl                  8
  Ur                  29
  Per                 3
  sf                  2
  A/W                 10
  Dr                  2
  Pl                  2
  Oth                 3
  Ped                 5
  Ger                 91
  Inf                 4
  **Age category**    
  Ped                 5
  Ger                 91
  **Department**      
  Inf                 4
  Sur                 21
  Eme                 10
  Tra                 9
  ICU                 44
  Oth                 8

Abbreviations: A/W, Abscess/wound; Bl, blood; Dr, Drain; Eme, emergency; Ger, geriatric; Inf, infectious disease; Oth, other; Ped, pediatric; Per, peritoneal; Pl, plural; Res, respiratory; sf, CSF; Sur, surgery; Tra, transplant; Ur, urine.

![Resistance (%) *of Pseudomonas aeruginosa* Strains to Different Antibiotics Obtained by WHOnet Software 5.6](jjm-09-08-32795-i001){#fig32374}

Two *P. aeruginosa*isolates had antimicrobial activity and showed large inhibition zones against the indicator organism *P. aeruginosa*ATCC 278531. One *Pseudomonas* isolate, which was identified as *P. aeruginosa*strain DSH22 based on its phenotypical and biochemical properties and 16SrRNA gene sequence, had potent BLIS production against the indicator organism and 92 (95.8%) of the 96 *P. aeruginosa*isolates, including the MDR, XDR, and PDR isolates. The production of BLIS was confirmed in neutralized supernatant of this isolate (data not shown).

[Figure 2](#fig32375){ref-type="fig"} presents the growth curves and profiles of BLIS production of the *P. aeruginosa*strain DSH22 (best BLIS producer). The results showed that the production of BLIS commenced in the midexponential phase of growth, and the maximum level (2700AU/mL) occurred in the late-stationary phase of growth after 25 hours of incubation at 30°C.

![Growth Curve and BLIS Production of *Pseudomonas aeruginosa* Strain DSH22 at 30°C](jjm-09-08-32795-i002){#fig32375}

As shown in [Table 3](#tbl44087){ref-type="table"}, the BLIS activity of *P. aeruginosa*strain DSH22 was heat stable up to 100°C for 10 minutes but was sensitive to 121°C for 15 minutes (autoclave condition). It was active within the pH range of 3 - 9 (acidic/basic treats) but sensitive to pH = 10. It had UV stability after 30-min exposure, but its activity disappeared following exposure to trypsin, proteinase K, and pepsin, indicating its proteinaceous nature.

###### Effect of Different Treatments on the Activity of BLIS Isolated From *Pseudomonas aeruginosa* DSH22

  Treatment                                Activity, %
  ---------------------------------------- -------------
  **Control**                              100
  **Degenerative enzymes**                 
  proteinase K, pepsin, and trypsin        0
  **Heat**                                 
  60°C for 30 min                          100
  100°C for 10 and 20 min                  75
  100°C for 45 min                         50
  121°C for 15 min (autoclave condition)   0
  **pH**                                   
  3                                        90
  5                                        90
  6 - 8                                    100
  10                                       25
  **UV**                                   
  10, 20, and 30 min                       100

The results of the SDS-PAGE of the partially purified BLIS are shown in [Figure 3](#fig32376){ref-type="fig"}. The gel stained with Comassie Brilliant Blue showed protein bands and the molecular weight of the partially purified BLIS from *P. aeruginosa*strain DSH22. The molecular weight was approximately 25 kDa ([Figure 3](#fig32376){ref-type="fig"}). In addition, the SDS-PAGE of BLIS overlaid with the indicator organism *P. aeruginosa*ATCC 278531 revealed a clear inhibition zone after 24 hours at 30°C.

![Band of SDS-PAGE of Partially Purified BLIS From *Pseudomonas aeruginosa* Strain DSH22 After Staining With Coomassie Brilliant Blue, Showing a Molecular Weight of Approximately 25 kDa. Line 1 is the Molecular Mass Marker (in kDa), and Line 2 is the Purified BLIS](jjm-09-08-32795-g001){#fig32376}

The analysis of the activity of BLIS against the other hospital-isolated pathogens demonstrated that it had no activity against either the gram-positive bacteria *S. aureus*, *Enterococcus* spp., and *L. monocytogens* or the gram-negative bacteria *Klebsiella* spp., *Acinetobacter* spp., and *E. coli* strains.

5. Discussion {#sec173625}
=============

*Pseudomonas aeruginosa*poses a serious threat to the treatment of both nosocomial infections and community-acquired infections. Unfortunately, the choice of the most appropriate antibiotic is difficult due to its ability to develop resistance to many classes of antibacterial agents, even during the course of treating an infection ([@A32795R20]). Epidemiological studies have shown that infections caused by drug-resistant strains of *P. aeruginosa*are associated with significant increases in mortality, morbidity, lengths of hospital stay or chronic care, need for surgical interventions, and overall costs of treating the infection ([@A32795R21]). The emergence of PDR strains of *P. aeruginosa*, which are resistant to all current antibiotics, has led to concerted efforts to find alternative approaches to treatment, including older antibiotics that may have activity against these strains ([@A32795R22]-[@A32795R25]). In light of the increased antibiotic resistance of MDR microorganisms for which no adequate therapeutic options exist, a joint initiative by the ECDC and the CDC recently created standardized international definitions for MDR, XDR, and PDR in some bacteria. The aim of the initiative was to enhance the comparability of data and to improve understanding of the problem of highly drug-resistant bacteria, in addition to finding the older effective antibiotics ([@A32795R14]). In this study, we tested all ECDC and CDC recommended antibiotics against *P. aeruginosa*strains for frequency assessment of MDR, XDR, and PDR strains and finding effective antibiotics.

Wide studies followed the definitions proposed by the ECDC and the CDC for MDR, XDR and PDR determination in *P. aeruginosa*strains ([@A32795R22]-[@A32795R28]). For example, in a study by Gomila et al. ([@A32795R22]), among 56 *P. aeruginosa*strains isolated in a Spanish hospital, 21.4% were MDR, 37.5% were XDR, and 41.1% were non-MDR strains. One non-PDR strain was isolated. In another study, 20 XDR *P. aeruginosa*isolates (10.5% of all 190 analyzed isolates) were recovered from seven Spanish hospitals ([@A32795R23]). In a study of 411 *P. aeruginosa*isolates in Asian hospitals, the MDR, XDR ,and PDR rates of *P. aeruginosa*were 42.8%, 4.9%, and 0.7%, respectively ([@A32795R24]). In a hospital in India, 84.7% *P. aeruginosa*isolates were MDR, of which 35.7% were XDR, and no PDR isolate was obtained ([@A32795R26]). Mohanasoundaram et al. ([@A32795R27]) reported a similar MDR rate (71%) in a study in Tamil Nadu, India. In a study conducted in Pakistan, Gill et al. ([@A32795R28]) reported that 22.7% of 180 *P. aeruginosa*isolates were MDR, whereas 11% and 4.3% were XDR and PDR, respectively. The present study is the first in Iran to examine the MDR, XDR, and PDR profiles of *P. aeruginosa*strains based on the definitions proposed by the ECDC and the CDC.

In the present study, among 96 isolates of *P. aeruginosa*, 2.1%, 97.9%, 65.6%, and 1.1% were non-MDR, MDR, XDR, and PDR, respectively, indicating very high MDR and XDR rates compared to the previously reported studies of *P. aeruginosa*isolates. In addition to polymyxins that in different studies their effective activity is confirmed for *P. aeruginosa*infections treatment, our study showed that fosfomycin had very good effect against 94.8% of the isolates. Unlike polymyxins, fosfomycin is well tolerated and has a low incidence of harmful side effects. However, the development of bacterial resistance under therapy is a frequent occurrence ([@A32795R28]). Thus, it is not appropriate for continued therapy of severe infections, and it not recommended for children and the elderly ([@A32795R28]).

The current study identified a novel BLIS produced by a *P. aeruginosa*strain, which showed extended-spectrum activity against MDR, XDR, and PDR *P. aeruginosa*strains. According to a study by Jack et al. ([@A32795R29]), BLISs are similar to bacteriocins, except they have a lower molecular mass. Only a few BLISs have been identified, and the majority of those have been only partly purified and characterized. Similar to bacteriocin, the majority of BLISs are bacterial inhibitors ([@A32795R2], [@A32795R30]-[@A32795R33]). Their bactericidal activity is usually directed against species that are closely linked to the producer microorganisms ([@A32795R2], [@A32795R30]-[@A32795R33]). The production of bacteriocin and similar substances, such as BLIS, can facilitate microbial survival in the human gastrointestinal tract ([@A32795R34]).

A previous study demonstrated the ability of bacteriocin producers to inhibit pathogens in the gastrointestinal tract ([@A32795R35]). Another study found that a Lactobacillus salivarius strain provided protection against Listeria monocytogenes infection in mice via production of a two-peptide bacteriocin and that a nonbacteriocin-producing isogenic derivative failed to protect mice from infection ([@A32795R36]). The narrow spectrum of the action of bacteriocins limits the application of these peptides as antimicrobial agents or as food biopreservatives ([@A32795R2]). The bacteriocins produced by *Pseudomonas* spp. (pyocins) have been extensively studied ([@A32795R13]). For example, Parret et al. ([@A32795R13]) reported novel lectin-like bacteriocins of a biocontrol strain *P. fluorescens* Pf-5 that were active against other strains of *Pseudomonas*. The BLIS isolated in the present study had extended-spectrum activity against MDR, XDR, and PDR strains of *P. aeruginosa*. This is the first report to describe the activity of these antimicrobial agents against PDR strains of this bacterium. No effective antibiotics against PDR strains exist, and there are very few effective antibiotics against XDR, other than polymyxins, which have a wide range of side effects. Thus, the isolated BLIS may be a good candidate antibiotic for the control of these strains.

The BLIS produced by *P. aeruginosa*strain DSH22 was inactivated by proteinase K, pepsin, and trypsin enzymes, demonstrating its proteinaceous nature. The advantages of this BLIS are stability at a wide range of pH values, in addition to stability to heat and UV light exposure. UV resistance has been reported for other bacteriocins, such as the bacteriocin reported by Zaghian et al. ([@A32795R37]) in *Bacillus pumilus*. However, UV resistance has not been reported previously for *P. bacteriocins*.

In the current study, the maximum level of antimicrobial activity was observed during the stationary phase of growth, similar to the findings of most other studies of bacteriocins ([@A32795R15], [@A32795R31], [@A32795R38], [@A32795R39]). The molecular weight of BLIS produced by *P. aeruginosa*strain DSH22 strain was approximately 25 kDa. Gram-negative bacteriocins can be divided into three groups based on their size (molecular weight) ([@A32795R40]): large colicin-like (25 - 80 kDa) bacteriocins ([@A32795R2]), much smaller microcins (\< 10 kDa), and phage tail-like bacteriocins, which are multimeric peptide assemblies ([@A32795R2], [@A32795R37]). Regarding this division, the isolated BLIS may be a novel BLIS belonging to large colicin-like bacteriocins.

In conclusion, the BLIS identified herein exhibited effective broad-spectrum activity. It may have potential as an alternative antibiotic for the treatment of drug-resistant strains of *P. aeruginosa*infections.
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